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============

A trauma to the spinal cord is a life changing event, which leaves most patients impaired or paralyzed throughout lifetime due to the limited capacity of the central nervous system to heal and the restricted number of therapeutic options until today. Spinal cord injuries (SCI) are most often caused by accidents during labor, recreation or involving motor vehicles (Armour et al., 2016). SCI is characterized by partial or total loss of motor and sensory function below the level of the injury resulting in individual disabilities that depend on the level and severity of the lesion. A complete severance of the spinal cord leads to a permanent and irreversible loss of all neuronal connections caudal to the level of the injury and functional recovery is highly improbable. Incomplete injuries, *e.g.*, with spinal cord tissue sparing, have a potential for some level of recovery, the extent of which depends on the location and magnitude of neuronal sparing. About 42% of all spinal cord injuries are considered functionally complete with the patient presenting without any motor and sensory function below the affected area. Interestingly it is thought that only 14.3% of all SCIs are anatomically complete, which means that around 25--30% of all injuries deemed functionally complete also have some extend of spared connections that could potentially be harvested with the right intervention (Kakulas, 2004). Locomotor rehabilitation is the only known intervention which is beneficial for affected individuals, but the optimal timing and extent of locomotor exercise as well as the underlying neuronal mechanisms resulting in motor improvements remain poorly understood (Cote et al., 2017).

To write this review on rehabilitative strategies in humans and rodents we conducted a PubMed search for animal models of rehabilitation, detour circuit formation and human rehabilitative strategies and their outcomes. The database search for human and rodent rehabilitation was conducted using always the term spinal cord injury (MeSH Terms) and rehabilitation and setting the species filter to either humans or other animals and then screening the title or abstract for rodent models. General information on SCI was searched by that term in combination with the desired term (*e.g.* cause). To search more in depth for a rehabilitative paradigm the term (*e.g.* swimming) was combined with spinal cord injury. Publications on detour circuit formation and plasticity were searched by combining these two terms with spinal cord injury. All results were then screened for suitability by title and abstract to fit the topic and the model. We focused in general rather on recent findings if possible.

Rehabilitative Strategies for Patient Locomotor Recovery Following SCI {#sec1-2}
======================================================================

Rehabilitation in patients with motor complete SCI primarily aims at improving quality of life and secondary consequences of SCI such as circulation, wheelchair transfer and joint mobility as motor recovery is unlikely. In motor incomplete patients the main aim of rehabilitation is functional recovery, in particular regaining stepping ability or hand function, a way toward daily independence. A functional baseline is determined around 3 weeks after the injury and recovery is most likely to occur within the first year post trauma (Kakulas, 2004). Motor incomplete individuals show sustained functional recovery with treadmill training, the most standard rehabilitation strategy. With older interventions such as training on parallel bars about 50% of patients that were initially wheelchair bound managed to walk independently again. In contrast, body weight supported or unsupported treadmill rehabilitation now allows up to 92% of incompletely-injured patients with residual motor function to achieve this. Chronic patients (1 year or more post injury) can also benefit from treadmill training with 78% of participants becoming progressively wheelchair independent and sustained functional improvements after the end of rehabilitation (Wernig et al., 1995, 1998). In general an early onset of rehabilitation after hospital discharge and a higher training intensity seem to be favorable to foster maximal functional recovery, but there is no specific guidelines regarding optimal intensity and onset of rehabilitation (Wernig et al., 1995; Harkema et al., 2012; Brazg et al., 2017; Burns et al., 2017). While more training sessions over a prolonged time seem to result in a heightened functional recovery, most abilities seem to rather be regained early and then level with time (Morrison et al., 2018). Robotic body weight assisted treadmill training or exoskeleton assisted step training have emerged recently as new approaches for human rehabilitation, but have so far failed to demonstrate better results than rehabilitation with treadmill and assisted step training, without a moving treadmill (Fisahn et al., 2016; Burns et al., 2017; Mehrholz et al., 2017). While stem cell transplantation into the injury site seems to be safe, it has yet to show beneficial effects for patients (Oh et al., 2016; Anderson et al., 2017; Curt et al., 2017) unless combined with rehabilitation (Zhu et al., 2016). Combining epidural electrical stimulation - a stimulus delivered by an electrical array implanted epidurally over the spinal segments L1--S1 - with treadmill rehabilitation seems to be the most promising approach to date. Recent studies have generated very promising results in particular to significantly improve spasticity after SCI (Gomes-Osman et al., 2016; Minassian et al., 2016; Nagel et al., 2017). Recently it was reported that patients with chronic motor complete injuries that had not seen improvements with locomotor training alone, were able to achieve over-ground walking or, at least, independent standing, following intense (between 80 and 280 sessions) locomotor treadmill training with body-weight support and spinal cord epidural electrical stimulation (Angeli et al., 2018). Likewise, dynamic and intense task-specific training in the presence of epidural electrical stimulation, performed on a patient with a clinically complete injury resulted in bilateral stepping on a treadmill and enabled independent stepping with a walker (Gill et al., 2018). Many crucial questions relative to the timing, intensity and underlying mechanisms of the functional recovery still remain currently unanswered, stirring a need for further research on exercise, rehabilitation and training after spinal cord injury.

Animal Models of Rehabilitation in SCI {#sec1-3}
======================================

As rehabilitation is the only known intervention that can improve functional recovery following clinical SCI, scientists have aimed at mimicking training-induced recovery to uncover the underlying mechanisms leading to these sustained improvements. First experiments used de-cerebrated cats (*i.e.*, spinal cats) which recover stepping ability without central input with treadmill training due to intraspinal circuits for stepping named central pattern generator (Lovely et al., 1986, 1990; Rossignol and Bouyer, 2004; Martinez et al., 2013). However, as stepping ability does not spontaneously recover in completely transected rodents, monkeys and humans, cats may not be the best model organism to study functional recovery following SCI. Non-human primates are most alike to the human situation, but their use in research is controversial and limited (Abbott, 2014; Friedli et al., 2015). Most animal research is therefore conducted in rodents, either rats or mice, due to their broad availability and the possibility of genetic and surgical interventions. The necessity of movement and exercise for functional recovery following injury in rodents was demonstrated using a reverse approach. Rats received a mild contusion to the spinal cord or a partial transection and showed functional recovery over time when returned to their home cages and allowed to move around freely. A second group of rats was fixed in custom built 'wheelchairs'. These interventions immobilized the impaired hindlimbs of the animals in a 'dragging-like' or sitting position for a considerable amount of time. These rats did not show functional recovery, but rather their hindlimb motor abilities worsened over time most likely due to neglect of muscles and neuronal connections. After 8 weeks, wheelchairs were removed and the animals were allowed to move freely. These animals then started to show some behavioral recovery, but failed to reach levels comparable to previously unrestrained animals (Caudle et al., 2011). Similarly, animals that were previously restrained in tubes following injury, showed behavioral recovery at the time tubes were removed and animals were allowed to move around freely (Little et al., 1991). Identical results were demonstrated with unilateral corticospinal tract (CST) lesions that impair fine forelimb function. If the impaired forelimb was fixed in a cast it showed no improvement in fine motor function, if the intact forelimb was fixed in a cast and the animal was forced to rely completely on the injured forelimb, full motor recovery to baseline level was achieved (Maier et al., 2008). These studies underline the necessity and importance of a timely onset of movement and exercise after injury to trigger functional locomotor recovery.

Rodent models of hindlimb animal rehabilitation after SCI can be classified into voluntary and forced paradigms. Voluntary training encompasses enriched environments and wheel running while forced training options involve for example treadmill walking, bicycling or swimming (**[Figure 1A](#F1){ref-type="fig"}**). Treadmill training with or without body weight assistance is the most commonly used forced training paradigm experimentally as it mimics fairly well the training administered in humans after SCI and can, with body weight assistance, also be administered to severely lesioned animals. Rodents show increased functional recovery with treadmill training after incomplete SCI (Shah et al., 2013; Sun et al., 2013; Jung et al., 2016) while there is only very limited recovery in the open field locomotion Basso, Beattie, Bresnahan score (Basso et al., 1995) in case of complete transections (Ilha et al., 2011). Interestingly, quadrupedal treadmill step training was demonstrated to be superior to stepping with hindlimbs only (Shah et al., 2013) and premature onset of training at 1 or 2 days after injury was shown to limit recovery, if compared to onset at 3 days post SCI (Yin et al., 2013). Low training intensity seems to be a major pitfall of experimental treadmill training: for example, a typical protocol consists of 20 minutes on the treadmill for 5--7 days a week (Sun et al., 2013; Yin et al., 2013; Hayashibe et al., 2016) with alternative protocols ranging from 5 to 30 minutes training a day (Gomez-Pinilla et al., 2001; Robert et al., 2010). It was recently shown that combining treadmill rehabilitation with pharmacological and electrical modulations in the lumbar spinal cord can lead to the re-establishment of walking ability in completely transected rats, a major step towards future therapy for completely paralyzed patients (van den Brand et al., 2012). Other forced rehabilitative strategies are less commonly used. Bicycling is a fairly rare forced but passive method used in rodents. In this rehabilitation model the animal's hindlimbs are typically moved by a custom made device. This training approach is rather non-physiological and unusual for rodents and does not directly train stepping ability which translates in slight gait improvements after injury (3 points on the Basso, Beattie, Bresnahan score, less effective than treadmill training; Bose et al., 2012). Another rather scarcely used approach is swimming, which, in contrast to bicycling, is restricted to incomplete spinal cord injuries, and also provides body weight support to the animal analogous to treadmill training. Swimming, especially with proprioceptive sensory feedback, improves motor recovery after incomplete SCI, albeit less effectively than treadmill training (Magnuson et al., 2009; Smith et al., 2009; Robert et al., 2010). Those studies as well as another recent work also pinpoint the fact that sensory as well as muscle spindle feedback is crucial for motor recovery, which is a common attribute of all rehabilitation models (Smith et al., 2009; Takeoka et al., 2014).

![Overview of animal models of spinal cord injury (SCI) rehabilitation and schematic representations of several detour circuits paradigms in SCI.\
(A) Overview of several experimental approaches used to rehabilitate hindlimb function following SCI in rodents. Rehabilitation can be divided into forced approaches (from left to right): treadmill walking, passive bicycling and swimming and voluntary strategies (from left to right): wheel running and enriched environments. (B) Schematic representation of the percentage of recovery obtained in the irregular ladder rung test with voluntary wheel running. (C) Representative rendering (left) of lumbar motoneurons (blue) contacted by serotonergic fibers (orange) and quantification of the number of contacts between serotonergic (5-HT) fibers and motoneurons 2 weeks after SCI without and with training on an irregular wheel (right). Displayed in white are non-positive neurons. (D) Representative rendering (left) of a corticospinal tract collateral (green) contacting a long propriospinal neuron (red) in the cervical spinal cord 2 weeks after dorsal midthoracic hemisection and quantification of the number of long propriospinal neurons contacted 2 weeks after lesion without and with training on an irregular running wheel (right). Displayed in white are non-positive neurons labeled. Scale bars: 20 µm. ^\*^*P \<* 0.05. \# is an abbreviation for number. (E) Schematic representation of the remodeling of serotonergic fibers in the spinal cord following dorsal midthoracic hemisection. Blue inset refers to image in panel C. (F) Schematic representation of the sprouting and detour circuit formation of the reticulospinal tract following a cervical hemilesion. (G) Schematic representation of a detour circuit of the corticospinal tract *via* the reticulospinal tract following a near complete thoracic lesion. (H) Schematic representation of the corticospinal tract-long propriospinal neuron detour circuit following midthoracic dorsal hemisection. Pink inset refers to image in panel D. (I) Schematic representation of a corticospinal-propriospinal detour circuit following temporally and spatially separated complete lesion of the spinal cord (staggered hemisection). ChAT: Choline acetyltransferase; LPSN: left propriospinal neuron.](NRR-14-405-g001){#F1}

In sharp contrast to those forced rehabilitation models, wheel running is a voluntary elective behavior in mice which can be seen in the wild if a wheel is provided (Meijer and Robbers, 2014). There are several advantages of voluntary wheel training when compared to treadmill training: wheel running is a self-motivated and thereby non stressful training paradigm. Motivation increases functional recovery *via* the nucleus accumbens neuronal pathway (Sawada et al., 2015) and in contrast to forced exercise, wheel running does not increase corticosteroid levels, as does forced treadmill running in unlesioned animals, indicating high stress levels during training (Erschbamer et al., 2006; Brown et al., 2007; Ke et al., 2011). High corticosteroid levels while having shown beneficial effects following spinal cord injury can also trigger undesired side effects which might also hamper recovery (Bydon et al., 2014; Han et al., 2014). The main limitation of voluntary rehabilitation is that it can only be used in cases of incomplete lesions, as fully paralyzed animals are unable to self-train. However, wheel running has been shown to affect post-injury functional recovery differently depending on (i) the wheel itself, (ii) the running intensity and (iii) the starting time from injury (Van Meeteren et al., 2003; Engesser-Cesar et al., 2005; Erschbamer et al., 2006; Loy et al., 2018). Wheel-based rehabilitation with regularly-spaced rungs, late onset running post-injury or low training intensity initially failed to show increased functional recovery after SCI (Engesser-Cesar et al., 2005; Erschbamer et al., 2006). However, voluntary wheel running improved functional recovery when a flat surface wheel - in which the rung surface is covered with a plastic to generate an even running surface - was used (Engesser-Cesar et al., 2007). Recently, we used wheels with irregularly-spaced rungs to also train the corticospinal tract, a supraspinal pathway known to control skilled placed movements. In this study we showed that we could detect a significant improvement of functional recovery including coordination, measured by the RotaRod, and fine paw placement, measured by the irregular LadderRung (Loy et al., 2018; **[Figure 1B](#F1){ref-type="fig"}**). In general, studies with a high running intensity (about 5 km a day) showed robust behavioral improvements after SCI (Van Meeteren et al., 2003; Engesser-Cesar et al., 2005; Loy et al., 2018). Enriched environments also represent another model of voluntary rehabilitation that was shown to increase functional recovery after SCI. Interestingly most enriched environment paradigms include a running wheel and show comparable results to rehabilitation using wheel running (Lankhorst et al., 2001; Erschbamer et al., 2006).

Activity-Induced Neuroplasticity Following SCI {#sec1-4}
==============================================

One general hallmark of all rehabilitative strategies in animals is the upregulation of brain-derived neurotrophic factor (BDNF) (Neeper et al., 1996; Ke et al., 2011; Wang et al., 2015; Jung et al., 2016)) and blockage of BDNF signaling on its receptor TrkB (tropomyosin receptor kinase B) abolishes the positive effect of rehabilitation on functional recovery (Li et al., 2018). In the brain it was demonstrated that BDNF mediates activity-dependent neuronal plasticity and learning in health and disease (Griesbach et al., 2004; Cheng et al., 2014; Leal et al., 2014). In contrast to the peripheral nervous system which can show extensive axonal regeneration, the injured spinal cord can only exhibit limited levels of plasticity, which is characterized by the remodeling of spared connections and severed axons. Axonal regeneration and re-growth across the lesion site, which was long considered the gold standard to cure paralysis, is, in fact, hardly seen spontaneously in the injured central nervous system. However it can be achieved to a limited extent with genetic modifications, pharmaceutical interventions or extracellular matrix degeneration, but even though functional benefits remain small (Bradbury et al., 2002; Liu et al., 2010; Ruschel et al., 2015). In contrast, increased sprouting and plasticity of axonal connections can trigger remodeling of brain-spinal cord connectivity. How rehabilitation - which, as mentioned above, triggers the expression of molecules involved in plasticity - can modulate and improve brain-spinal cord connectivity is a crucial question. In the rest of the review we will focus on the changes in supraspinal-spinal connectivity triggered by experimental rehabilitative procedures with a focus on the serotonergic, the reticulospinal and the corticospinal tracts.

Serotonergic neurons reside mostly in the raphe nucleus and other brainstem areas but can be found in limited number directly in the spinal cord (Ballion et al., 2002). The complete loss of central serotonergic input to spinal motor neurons results in paralysis after injury and post-injury application of serotonin or restoration of endogenous serotonin levels lead to acute modulation of spinal networks, thereby facilitating movement (Hashimoto and Fukuda, 1991; Fong et al., 2005). Using voluntary wheel training on a flat surface wheel, the serotonergic tract was shown to increase its fiber outgrowth caudal of an incomplete spinal cord lesion (Engesser-Cesar et al., 2007). Likewise an increase of contact formation between serotonergic fibers and cholinergic motoneurons in the lumbar spinal cord was recently reported using an irregular running wheel training paradigm following incomplete spinal cord injury (Loy et al., 2018; **Figure [1C](#F1){ref-type="fig"}** and **[E](#F1){ref-type="fig"}**). Strikingly, the combination of rehabilitation with serotonin agonists results in acute improvement in motor capabilities, but the serotonergic effect is lost sub-acutely whereas the rehabilitation effect persists (Fong et al., 2005). It is to note that the high complexity of the serotonergic systems that encompasses not only intraspinal and supraspinal neurons, but also many different receptors and a high plasticity make the serotonergic system more complex to study than other motor systems. Non-pharmacological contributions of serotonergic neurons to locomotor recovery with or without rehabilitation remain poorly understood and further studies are needed to clarify the role of serotonergic remodeling in SCI recovery.

The reticulospinal originates in the brainstem and terminates mostly in the ventral horn in the spinal cord in rodents (Liang et al., 2016). In contrast to the CST which mediates fine locomotor control (Lawrence and Kuypers, 1968b), the reticulospinal tract is mainly involved in gross movements and postural control during locomotion (Lawrence and Kuypers, 1968a; Baker, 2011). After a unilateral spinal cord lesion reticulospinal tract projections of the contralateral brainstem show compensatory plasticity by crossing the midline towards the denervated site or contacting double-midline crossing propriospinal interneurons to re-relay the information from the brainstem motor center to the denervated spinal cord caudal of the lesion, a phenomenon that is accompanied by functional motor recovery (**[Figure 1F](#F1){ref-type="fig"}**; Filli et al., 2014; Zorner et al., 2014). This relay pathway *via* propriospinal interneurons forms a detour circuit to circumvent the lesioned area of the spinal cord and reconnects the central neuron to it's appropriate target and thereby restores function (Bareyre et al., 2004; Filli et al., 2014). The reticulospinal tract can also serve as relay circuit after spinal cord injury by forming a cortico-reticulospinal detour circuit. In the case of a severe contusion injury few white matter tract fibers of the reticulospinal tract are spared and these fibers can serve as a long distance relay for the CST, which forms new connections on the neurons of the reticulospinal tract, enabling functional recovery of motor function. This circuit re-organization only occurs with rehabilitation and neuromodulation and without treadmill training animals could not regain stepping ability. Trained animals which recovered voluntary stepping ability retained their improvements even after the termination of training and without neuromodulation, arguing for a persistent exercise-induced re-wiring of locomotor circuits (**[Figure 1G](#F1){ref-type="fig"}**; Asboth et al., 2018).

The CST is one important motor tract in rodents and primates and mostly mediates skilled placement and fine paw or hand movements. Following injury, studies have shown spontaneous sprouting of fibers (Weidner et al., 2001; Bareyre et al., 2004). Spontaneous compensatory sprouting of the CST could either be mediated by uninjured remaining fibers that change their target innervation to compensate for lost connections - which can be increased by forced use of the de-innervated limb (Weidner et al., 2001; Maier et al., 2008) - or injured axons of the CST can form a new circuit by establishing connections with new partners (Bareyre et al., 2004; Lang et al., 2013). In this later case, after a midthoracic spinal cord injury that transects the main dorsal and dorsolateral CST, animals loose stepping ability that spontaneously recovers with time if the ventral half of the spinal cord remains intact. This is due to the formation of specific detour circuits in which the CST contacts long descending propriospinal neurons rostral of the lesion that then in turn contact and relay the information *via* their spared ventral axons to the lumbar motor neurons enabling the animal to regain walking ability (**Figure [1D](#F1){ref-type="fig"}** and **[H](#F1){ref-type="fig"}**; Bareyre et al., 2004; Jacobi et al., 2015). The formation of the CST-long descending propriospinal neuron detour circuit after lesion is initiated 10 days post injury when the CST fibers exit the tract and enter the intermediate and ventral gray matter in the cervical spinal cord rostral of the lesion. These fibers grow and form contacts on long descending propriospinal neurons within the first 3 to 4 weeks after injury which are then refined over the following period of time (Lang et al., 2012). We could recently show that rehabilitation provided *via* irregular running wheels accelerates and increases the CST-long descending propriospinal neuron detour circuit formation, as robust outgrowth of corticospinal collaterals in the grey matter and contact formation on long descending propriospinal neurons is already established 14 days after injury (Loy et al., 2018). The amount of contacts and the number of recruited long descending propriospinal neurons further increases over time if the animals are constantly self-training in irregular spaced running wheels (**Figure [1D](#F1){ref-type="fig"}** and **[H](#F1){ref-type="fig"}**). These irregularly-spaced running wheels might serve as a trigger for the remodeling of the CST, as precise digit control is CST mediated and is needed for the animal to train on the wheel (Lawrence and Kuypers, 1968b; Loy et al., 2018) which would then argue that task-specific training is efficient to improve a given locomotor performance. We can only speculate about the molecular factors triggered by irregularly-spaced running wheels but it seems reasonable to believe that molecules such as BDNF or insulin-like growth factor 1 already described following regular voluntary wheel running could serve as trigger for the remodeling (Cetinkaya et al., 2013; Venezia et al., 2016). Treadmill training and wheel running also result in increased fiber density and length around the lesion arguing, not only for long distance remodeling, but also for local sprouting effects (Hayashibe et al., 2016; Loy et al., 2018). In contrast to partial spinal cord lesions, staggered hemi-lesions timely and segmentally spaced do not show spontaneous functional recovery. However, with a combinatory approach of treadmill rehabilitation with an electrochemical prosthesis in the lumbar spinal cord, stepping ability can be restored even if all direct descending connections from the brain are severed. Anatomically this is achieved by an intraspinal detour circuit of the CST *via* propriospinal interneurons (**[Figure 1I](#F1){ref-type="fig"}**; van den Brand et al., 2012). CST detour circuit formation is enhanced and improved with exercise and neuronal re-wiring seems to be the underlying cause for this sustained improved recovery after spinal cord injury. Moreover a CST- detour circuit seems conserved across species and was recently shown to mediate functional recovery in monkeys (Friedli et al., 2015), arguing that maximizing the formation of this circuit could contribute greatly to human recovery.

Conclusion {#sec1-5}
==========

Significant progress towards the understanding of the most suitable training paradigms to trigger the maximal functional recovery has been made in the recent years. Different models of animal rehabilitation have generated results reminiscent of clinical rehabilitation, in particular in the case of incomplete lesions. These models have provided considerable insight into which neuronal tracts are the target of rehabilitative strategies and have given us first insights on how neuronal plasticity can be promoted using physical training in patients. Therapies of complete or nearly complete spinal cord injuries, combining rehabilitation with epidural stimulation, pharmacological agents or neuromodulation, have shown great potential experimentally and have even started to be translated into clinical cases. Efficient translation from bench to bedside is however still ongoing and the subject of intense efforts (Garcia-Alias et al., 2009; Zorner and Schwab, 2010; Gerasimenko et al., 2015; Chen et al., 2017; Rejc et al., 2017).
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